Abstract-Achieving low power consumption and high sensitivity is a major obstacle in realizing the potential of surface acoustic wave (SAW) devices in portable sensing applications. In this paper, we demonstrate that an optimal combination of a microcavity structure filled with a low acoustic impedance material in the delay path combined with a suitable wave guide lowers power consumption substantially and improves sensitivity. 3-D finite-element method (FEM) simulations were employed to systematically evaluate the effect of various filling and waveguide materials for ∼100 MHz devices in ST quartz. Based on the simulated device designs, trends in device performance, and ease of fabrication, SAW sensors were fabricated in ST quartz with tantalum filling of the microcavity array along with an optimal SiO 2 wave guide to achieve improvements on the order of 5 dB in insertion loss and nearly ten times the sensitivity compared with an SAW device without these modifications. This paper allows for the possibility of designing and realizing robust SAW sensors for detection at concentration levels of relevance to clinical diagnosis, i.e., sub-ng to ng/mL levels.
Achieving Lower Insertion Loss and Higher
Sensitivity in a SAW Biosensor via Optimization of Waveguide and Microcavity Structures low cost, ease of integration with electronic circuits and possibility of real-time monitoring [4] - [6] . With these advantages, SAW biosensors have great potential in clinical diagnosis, especially in point of care testing for portable sensing applications. To achieve a portable SAW biosensor platform for quantification of disease biomarkers in bodily fluids, the overarching goals are to lower the limit of detection and the insertion loss. Lowering insertion loss will reduce signal noise and increase signal-to-noise ratio, which, in turn, will lower the limit of detection. Several proteins in blood and urine are becoming reliable as prognostic and diagnostic biomarkers for cancers, detection limits for which are in the pg/ml to ng/ml range [7] - [9] . However, sensitivity of the SAW biosensor is primarily limited by its operating frequency, which depends on the wavelength of the acoustic wave [10] . Commonly, the size of the interdigital transducers (IDTs) fabricated on the piezoelectric substrate is in the micrometer range with the operating frequency from 50 MHz to 300 MHz, and the limit of detection is at the ng/ml level, depending upon various materials and structures [11] - [13] . One method of increasing sensitivity is to decrease IDT line-width, thereby increasing device frequency. However, this would lead to increased noise and difficulties in electrical measurements in biological applications associated with smaller sensing areas [14] . A second issue in utilizing SAW sensors in portable applications is power consumption, associated with the typical -10 dB to -30 dB insertion loss [15] , [16] . Too large an insertion loss will result in high power consumption of the system, which is not suitable for a portable platform.
In our previous work, we found that delay path modifications in the form of microcavities have the ability to reduce power consumption and improve sensitivity [17] . This phononic structure allows controlled manipulation of fundamental acoustic wave properties that can be translated to improvements in device performance. In a phononic crystal, a periodic variation in the density and/or elastic constant of the structure are typically utilized to control wave scattering and interference to form either acoustic band-gaps or propagation bands [18] , [19] . Changes in these parameters can be utilized in sensing applications, one of which is described in references [20] - [22] . In what could be a breakthrough for SAW sensor application, we found some filling materials that can simultaneously increase sensitivity and decrease power consumption by controlling the dispersion relation for phonons both inside and outside the band gap [23] , [24] . Mismatch in acoustic velocity and impedance between the filling material and substrate significantly affect the wave behavior. Thus, the filling material can be a metal such as aluminum or gold, which are often utilized as gratings in surface transverse wave (STW) devices [16] . They can also be non-metals such as SiO 2 , ZnO, diamond and polymers. This provides potential for more options for further research to achieve higher performance of SAW devices in sensor applications. Likewise, waveguides have been traditionally employed for enhancing acoustic energy confinement near the surface and are known to be beneficial in improving SAW device performance. Encouraged by our previous results and the positive effects of waveguiding, here we explore the combined effect of a filled microcavity and a waveguide in affecting device sensitivity and insertion loss to achieve a lower limit of detection. We have studied the parameter space of wave guide thickness, microcavity dimensions and filling materials for a typical SAW sensor device in ST quartz at a typical frequency of about 100 MHz, of value in biosensor applications, by FEM simulations. An optimized device was fabricated and found to compare well with the simulation results, exhibiting encouraging improvements in insertion loss and sensitivity, when operated in both air and water environments.
II. SIMULATIONS

A. Materials
SAW biosensors can be fabricated in several piezoelectric substrates. Common choices are quartz, lithium tantalate (LiTaO 3 ) and lithium niobate (LiNbO 3 ). The orientation of the crystal relative to the propagation direction is an important factor; different cut angles lead to different values for the acoustic velocity, coupling coefficient (K 2 ), and temperature coefficient of frequency (TCF). In biosensing applications, the sensor operates in the liquid phase. Therefore, the choice of the crystal orientation becomes a very critical factor. As the liquid has a large damping effect on the particle movement in the direction normal to the surface leading to larger power consumption, the particle displacement must be polarized in the shear-horizontal direction [25] . Due to the outstanding temperature stability of ST-quartz compared to LiTaO 3 and LiNbO 3 , we have chosen ST-cut quartz as the substrate material for this work. In ST-cut quartz, the acoustic wave with shear horizontal polarization propagates along the 90 degree rotated crystalline x-axis direction.
Recently, we have demonstrated that microcavities in the delay path of SAW sensors hold promise to positively impact sensitivity and power consumption [23] . In previous work, ZnO or nanocrystalline diamond (NCD) were utilized to fill the microcavities in 36°YX LiTaO 3 SAW devices and we found that ZnO reduced insertion loss and increased mass sensitivity. Low acoustic impedance to limit acoustic mismatch and lower acoustic wave velocity than that in the substrate material are two essential properties of the filling material [26] , [27] . For the ST quartz substrate utilized in this work, we choose tantalum (Ta) and SiO 2 to fill the microcavities, expecting large improvements in both power consumption and sensitivity.
SiO 2 is selected as the waveguide material in this work. Typically, SiO 2 and polymers such as poly methyl methacrylate (PMMA) have been used to construct the waveguide layer for Love mode sensors [28] , [29] . Polymers, though having low density and low shear velocity, are usually lossy, and with increasing thickness, the acoustic wave absorption increases rapidly [30] . For quartz based SAW devices, SiO 2 is suitable for liquid phase detection, because of its excellent elastic and thermal properties [10] .
B. Finite Element Model
FEM models have been successfully applied in the literature previously to understand wave propagation and design SAW devices [31] . We use the popular ANSYS finite element code for performing the SAW device simulations.
We built a 3D structural FEM of the SAW device as shown in Fig.1 . This model has dimensions of 1600 μm length, 200 μm width and 500 μm depth. The length is set to be long enough to avoid reflection of the wave from the edges. The depth is chosen to simulate the actual wafer thickness. The IDTs are located on the surface of the device and separated by a distance of 170 μm, measured form the last transmitting IDT center to first receiving IDT center. The dimensions of single IDT are 10 μm in width and 100 μm in length, i.e., the aperture width is 100 μm. Three finger pairs of 40 μm periodicity (wavelength: λ) were utilized for each IDT structure, which was evaluated to be sufficient in our previous work [32] , [33] . The thickness of the SiO 2 waveguide layer was varied systematically to optimize the wave guiding effect. The delay path between the transmitting and receiving IDTs was modified by a 3×4 microcavity array. In our previous work, it was found that when each cavity has an area of λ/2×λ/2, with periodicity of λ, the simulated device exhibits best performance. Therefore, the chosen dimensions of microcavities are 20 μm ×20 μm area, and 40 μm periodicity. The depth of the microcavities was varied in the FEM simulations.
C. Simulation Analysis
The frequency response of the SAW device was obtained by the Fourier transform of the impulse response. First, a 100V impulse voltage signal is applied to the transmitting IDT and the voltage on the receiving IDT was measured. A time step of 0.95 ns was utilized for a total simulation time of 200 ns. The voltage data in time-domain are transformed into the magnitude-frequency characteristics using fast Fourier transforms (FFT).
To study the acoustic wave propagation in various designs, we also performed an AC analysis by applying a sinusoidal voltage on the transmitting IDT. The frequency of the applied AC voltage was determined from the impulse response. The 2.5V AC voltage is operated at the center frequency of the SAW device, and for the 200 ns simulation time with a 0.95 ns time step, displacement and potential data were obtained for the various simulated device configurations.
III. RESULTS AND DISCUSSION
A. Frequency Response and Displacements of the ST 90 o -X Quartz Device
To verify the reliability of our FEM simulations, we analyze the ST 90°-X quartz SAW device, denoted as the bare device, and compare the designed center frequency with the simulation value obtained from the impulse response. The SH wave velocity of ST 90°-X quartz is 5050 m/s. The designed center frequency is 126.25 MHz for a finger periodicity (wavelength) of 40 μm. Fig.2 shows the frequency response obtained from the simulation wherein the center frequency is 126.63 MHz, in good agreement with the designed value. The insertion loss (IL) of -31.53 dB is a result of the small number of finger pairs and delay path utilized in the simulation to reduce computational time, compared to typical fabricated devices. Fig. 3 shows particle displacements in the shearhorizontal (x), longitudinal (y) and surface normal (z) directions vs. time, obtained from AC analysis at the device center frequency from a node at the center of the second output IDT. The expected shear horizontal wave mode of ST 90°-X quartz SAW device is clearly evident from the displacement profiles. Fig.4 shows the shift of center frequency and IL vs. SiO 2 layer thickness for a SAW device with a waveguide (Love wave device). These simulation results show an optimum IL at the guiding layer thickness at approximately 4 μm, with a monotonic decrease in the center frequency. These are expected results, and indicate that the simulation adequately 
B. SAW Device with Waveguide
C. Love Wave SAW Device with SiO 2 Filled Microcavities
The Love wave SAW device was modified by adding an array of microcavities filled with SiO 2 , and simulation results are shown in Fig. 5 for a microcavity depth of 2.5 μm. It is seen that the SiO 2 filled microcavity device with waveguide exhibits similar characteristics as the Love wave device with additional improvement in power consumption, showing an additional IL improvement of 2.29 dB. The guiding layer thickness for this optimal device remains the same as for the Love wave device, at 4 μm.
D. Love Wave SAW Device With Tantalum Filled Microcavities
The effect of density was studied by utilizing tantalum as the microcavity filling material. As shown in Fig. 6 , the observed behavior is similar to the SiO 2 filled cavities except that the optimum waveguide thickness is smaller at 1 μm, and the insertion loss decreases substantially compared to SiO 2 filling, calculated as 13.23 dB. 
E. Depth of Filled Microcavities
Influence of the depth of the filled microcavities was investigated next. We find that the IL decreases by only 0.63 dB when the depth increases from 0.5 μm to 2.5 μm in the case of the SiO 2 filled devices with 4 μm waveguide layer. The tantalum filled devices also show a similar trend with 1 μm waveguide layer. Therefore, we conclude that the depth of SiO 2 /Ta filled microcavities does not have a significant effect on the power consumption or center frequency. Table. I shows the comparison of the center frequency and insertion loss of filled microcavity devices at depths of 0.5 μm and 2.5 μm. Fig. 7 . Variation in the center frequency and the corresponding insertion loss for different structures. Note that in addition to the waveguide, the delay path also incorporates SiO 2 and Ta filled microcavities with 2.5 μm depth. Fig. 7 shows the comparison of different device designs, each with its own optimized waveguide thickness: bare device, Love wave device with just the waveguide, SiO 2 filled microcavity device with waveguide and tantalum filled device with waveguide. We can observe that waveguide layer decreases the IL by about 4.81 dB and both the tantalum filling and SiO 2 filling reduce the IL further. The Ta-filled microcavities in conjunction with SiO 2 waveguide provide the best device design with a substantially low loss (11.21 dB) compared to the next best device i.e. the one with SiO 2 filled microcavities and waveguide.
F. Comparison of Different Structures
G. AC Analysis of Displacements
An AC analysis was performed to understand the acoustic wave propagation characteristics in the various simulated devices. An AC voltage of peak-to-peak value of 2.5V was applied at the input IDT on each device at its center frequency. The node at the center of the second output IDT is chosen for collecting displacements at different times.
The particle displacements in the SH (x), longitudinal (y) and surface-normal (z) directions vs. time for each device are shown in Fig. 8 , from which, we can observe that the displacement have improvements when the waveguide is utilized. The SiO 2 filled microcavity device with waveguide also has large average nodal displacements. The largest surface displacement is obtained by tantalum filled microcavities with waveguide, and the average amplitude of the tantalum filled microcavities with waveguide device is about twice the amplitude of the bare device. Fig. 8 (b) and (c) show displacements in the longitudinal (y) and surface-normal (z) directions, respectively. All the amplitudes in these two directions are much small compared with the shear-horizontal (x) direction. We also find that tantalum filled microcavities with waveguide device has the smallest displacements in the longitudinal (y) and surface-normal (z) direction, meaning it has the greatest polarization in the shearhorizontal (x) direction. We compared the tantalum filled microcavity devices with and without waveguide to study how the waveguide affects the acoustic wave propagation. The sum displacements of all the nodes in the area of delay path are averaged as a function of depth. The microcavity depth is 0.5 μm, the waveguide layer thickness is 1 μm, and the time step is 110 ns. As shown in Fig. 9 , the average displacement decreases with depth. However, the displacements of the wave-guided device drop much faster than those without the waveguide. The waveguide layer concentrates the acoustic wave to the surface leading to the observed displacement profiles.
To better understand acoustic wave propagation and its interaction with the microcavities and waveguide layer, we plot the displacement contours at a time step of 110 ns, in the plane cut along the direction of the wave propagation at the center of the substrate, normal the surface (Fig. 10) . The origin is located in the middle of the delay path in these figures. The acoustic wave propagating from the input IDT is plotted; in particular, the wave propagation along the delay path is discussed below. Fig. 10 (a) is the displacement contour for the bare device. The acoustic wave propagates not only along the surface but also dissipates into the interior of the substrate, resulting in significant power consumption. The SiO 2 waveguide layer concentrates the acoustic wave to the waveguide layer; therefore, less energy leaks into the substrate (Fig. 10 (b) ). Fig. 10  (c and d) show the displacement contours for the SiO 2 filled and tantalum filled microcavity devices. Significant influence of the filled microcavities can be observed compared with the bare device. The acoustic wave is much better confined and has a clear well-defined surface mode. In addition, the acoustic wave does not leak energy into the substrate as much. The filled microcavity devices with waveguide are shown in Fig.10 (e and f), and it can be noted that the acoustic wave energy is trapped at the surface completely, especially for the tantalum filled device which shows the best performance.
H. Mass Loading Sensitivity Analysis
The mass loading sensitivity of each device based on the node displacements and the element's energy was calculated from the equation [10] , [34] :
Where c m is the mass sensitivity factor, defined by:
f and f 0 are the operating frequency and resonant frequency. When the SAW device is excited at the center frequency, these two factors are equal. According to (2), we see that the mass sensitivity can be increased in three ways. The first method is by increasing the center frequency. However, increasing center frequency would lead to other problems such as smaller sensing area, high noise and increased complexity of electronics for detection. The second method is by increasing the surface particle displacements. u x , u y and u z stand for the particle displacements in the different directions at the surface of the substrate. The last is by affecting U the average areal density of the wave energy. This factor can be calculated from the element strain energy data of the FEM simulation. Fig. 11 illustrates the mass sensitivities of devices with different delay path modifications. The bare device has a lowest mass sensitivity of -11.122 Hz·cm 2 /ng. Because of the increased displacements, the waveguide device has a larger mass sensitivity of -57.785 Hz·cm 2 /ng. The SiO 2 filled and tantalum filled microcavity devices also show large enhancements in sensitivity. The most sensitive device is the SiO 2 filled device with waveguide (-138.48 Hz·cm 2 /ng), and it is an order of magnitude more sensitive than the bare device, followed by the tantalum filled device with waveguide.
IV. EXPERIMENTAL VALIDATION
A. Fabrication of SAW Devices
SAW devices were fabricated on 4-inch 0.5 mm thickness ST 90°-rotated X wafers. NR9 1500PY (Futurrex) negative photoresist was applied by spin coating on the wafer after solvent cleaning. After the pre-bake, the coated wafer was exposed to broadband UV light using EVG mask aligner, followed by a hard bake. The pattern was developed in RD6 (Futurrex) developer for 12 s, followed by rinsing with DI water and drying with nitrogen gas.
E-beam evaporation was used to deposit 20 nm/100 nm Ti/Au adhesion and metal layers. The deposition rate was set to 0.5 nm/s for Ti deposition and 1 nm/s for Au to obtain strong adhesion between the substrate and metal layer. During the fabrication, we found that if the gold deposition rate is too high, there would be an amount of small gold spheres generated on the metal layer, which may result from the high ebeam sputtering of the melted gold droplets into the chamber. An acetone bath was used to lift-off the metal and the remaining metal pieces were removed with solvent cleaning, with ultrasonication used as needed to achieve complete cleaning.
The 20 μm×20 μm microcavities of 0.5 μm thickness were etched by using deep reactive ion etching (DRIE). Before etching, the wafer was coated with AZ12XT-20CPL-10 (Clariant) positive photoresist, exposed to UV light and developed in AZ 300 MIF (Clariant) developer. The wafer was then diced into individual chips to avoid cracking caused by internal stresses from heating during the DRIE process. The ST-X quartz chips were then etched by DRIE for 1.1 min (p = 6 mTorr, CH4 = 13 sccm, He = 149.7 sccm, C4F8 = 17 sccm, P = 2800 W, bias P = 400 W, substrate temp = −20°C). After etching, the chips were descummed to remove photoresist that re-deposited on the bottom surface of the etched holes.
The remaining photoresist works as the photoresist mask layer for lift-off. A 0.5 μm film of Ta is deposited over each chip, and removed by soaking in acetone and cleaning with O 2 plasma. Using Plasma Enhanced Chemical Vapor Deposition (PECVD), a 1 μm thick SiO 2 waveguide layer was deposited on the surface of the SAW devices. The metal pads were protected with Kapton tape before deposition.
An AlphaStep 200 profilometer was used to measure the photoresist thickness. The average thickness of the NR9 1500PY photoresist is 1.2 μm when the spin coater operates at 3000 rpm for 30 s, and for the AZ12XT-20CPL-10 photoresist, the average thickness is 10 μm when spinning at 2000 rpm for 30 s. The depth of the microcavities and the thickness of SiO 2 layer are also measured by the profilometer, which are on average 0.5 μm and 1 μm, respectively.
One important issue is to ensure that the microcavities are filled with the filling material completely. We used the Wyko 9100NT optical profiler to measure the roughness of the devices with the filled microcavities (Fig. 12) . After fabrication, the devices were observed under a microscope to verify the quality of fabrication (Fig. 13) . From Figures 12 and 13 , it is evident that the Ta fills the microcavities without apparent over-or under-filling issues. Finally, an Agilent 8753ES network analyzer was used to measure the frequency response of the SAW devices.
B. Measurement
The 0.5 μm tantalum filled microcavity device with 1 μm SiO 2 waveguide layer was measured for comparison with FEM simulation results. This device shows improvement in both mass sensitivity and power consumption. Table II lists the center frequency and IL of the bare device and tantalum filled device with waveguide. The insertion loss of the filled device has an improvement of about 5 dB, which is smaller than the simulation results of 15 dB. This lack of agreement could result from two sources. One is the differences between the simulated and fabricated devices. In our simulation model, the number of IDT pairs is only three, and the delay path, aperture and the number of the microcavities are all much smaller than those of the fabricated device. The second source is fabrication difficulties. The simulation model does not account for issues related to machining precision, quality of lithography/etching/deposition, and anelastic effects in the solid material. Simulations with more realistic device models and optimized fabrication methods could bridge the gap between the model predictions and experimental observations. We deposited a thin layer of titanium on the delay path surface of these devices by using E-Beam evaporation. The deposited metal layer works as the mass loading to analyze the mass sensitivity of the SAW devices. After deposition, the center frequency shift was measured. Fig. 14 shows the transmission loss measurement results of the SAW devices. The frequency shift of bare device is 6.25 kHz after deposition, and that of the Ta-filled device with waveguide is 56.25 kHz. The sensitivity increases by about 9 times, which is close to the simulation results of 9.8 times.
Since the intended application of these devices is in biosensor applications, which typically operate in the liquid phase, we studied their performance in a typical fixture in water. Owing to the polarized vibrations of our devices in the shear horizontal direction, the influence of liquid is not significant. Table III shows the additional insertion loss and frequency shifts when loaded with water relative to air. For both the bare and Ta-filled microcavity device with waveguide, the insertion loss and frequency diferences are very small.
V. CONCLUSION
In this work, 3D FEM simulations followed by experiments were carried out to analyze several different ST 90°-X SAW devices with the aim of reducing insertion loss and achieving higher sensitivity. Different delay path modified devices are compared in this contribution, which included the bare device, wave-guided device, and SiO 2 and tantalum filled microcavity devices with waveguide layer. The simulation results demonstrated that utilization of a filled microcavity array is a good method to improve SAW biosensor performance in terms of power consumption and mass sensitivity, especially when combined with a waveguide layer. The observed enhancements in device performance are shown to arise from the ability of the microcavity and waveguides to concentrate acoustic wave energy near the device surface. Our results suggest that such optimized devices can access clinically relevant concentrations of biomarkers in point of care sensors.
